Abstract. In Magoda and Mpapayu villages in Tanzania, we have previously found comparable high prevalence of Plasmodium falciparum resistance to sulfadoxine/pyrimethamine (S/P) in vivo and of mutations in the dihydrofolate reductase (dhfr) and dihydropteroate synthetase (dhps) genes of P. falciparum responsible for resistance to S/P. In December 1998, Magoda received insecticide-treated nets (ITNs), whereas ITNs were introduced in Mpapayu in March 2001. We have studied the effect of ITNs on P. falciparum resistance genes by monitoring the prevalence of dhfr and dhps genotypes in children less than five years old living in the villages from 1998 to 2000. In 2000, after two years of bed net use, the prevalence of wild types in codon 51, 59, and 108 of dhfr increased significantly in Magoda compared with previous years. Furthermore, the prevalence of dhfr wild types was significantly higher in Magoda than in Mpapayu in 2000. The impact of ITNs on the transmission intensity seems not only to affect the overall malaria morbidity, but may even facilitate restoration of susceptibility to antimalarial drugs.
INTRODUCTION
Resistance of Plasmodium falciparum to antimalarial drugs is one of the most serious threats to the control of malaria. 1, 2 Due to widespread chloroquine resistance many countries such as Malawi, Tanzania, and Kenya have changed the firstline antimalarial drug to sulfadoxine/pyrimethamine (S/P). Unfortunately, the clinical efficacy of S/P is diminishing as a consequence of the development of P. falciparum resistance to S/P, possibly rendering a limited lifespan of S/P.
Monitoring the prevalence of molecular markers of S/P resistance may be a useful adjunct to in vivo resistance mapping. In vitro, point mutations in codons 51, 59, 108, and 164 in the P. falciparum dihydrofolate reductase gene (dhfr) provide resistance to pyrimethamine. [3] [4] [5] Likewise, mutations in codons 436, 437, 540, 581, and 613 of the dihydropteroate synthetase gene (dhps) mediate resistance to sulfadoxine. 6, 7 Certain combinations of mutations in dhfr and dhps are necessary to ensure survival of P. falciparum after S/P treatment in vivo. Triple mutations in dhfr codons 51, 59, and 108 alone or together with a single or a double mutation in dhps is probably necessary. [8] [9] [10] [11] [12] However, a universal marker of S/P resistance has not been identified, possibly because variations in host immunity and transmission intensity are important confounding factors. 8 Introduction of insecticide-treated nets (ITNs) reduces malaria morbidity by lowering the transmission intensity, [13] [14] [15] [16] [17] and may have an impact on resistance as well. 18, 19 In two neighboring villages, Magoda and Mpapayu, in the northeastern part of Tanzania, malaria transmission is constantly very intense. In 1993, the inhabitants of Magoda village participated in a study that investigated the prophylactic effect of weekly pyrimethamine/dapsone (Maloprim ® ; GlaxoSmithKline, West Uxbridge, United Kingdom) on malaria morbidity, and provided S/P to the village in cases of treatment failures. 20 The use of Maloprim for malaria prophylaxis and SP for treatment of malaria in children was associated with high levels of cross-resistance to S/P observed during the Maloprim trial 20 and in subsequent years. 21, 22 Furthermore, during the current bed net trial, S/P was used as a first-line antimalarial in children less than five years old in both communities.
The prevalence of mutations in the dhfr and dhps genes was high in both villages as well 22 (Alifrangis M, unpublished data). The main aim of this study was to assess the short-term impact of ITNs on dhfr and dhps gene mutations. The ITNs were distributed in Magoda village in 1998, while Mpapayu did not receive ITNs until two years later.
MATERIALS AND METHODS

Study population.
The study was carried out in Magoda and Mpapayu villages in the Muheza district of Tanzania in November−December 1998, 1999, and 2000. The distance between the villages is approximately 2 km. Permethrin-treated nets were distributed to all the households in Magoda village in December 1998, while Mpapayu village received deltamethrin-treated nets in March 2001. The ITNs were reimpregnated twice a year. Parents/guardians of all children between 0.5 and 5 years of age were asked for consent to participate in the study; approximately 90% of the total population of children did each year. Blood samples were collected by finger prick and examined for malaria parasites using Giemsa-stained thin and thick blood films. Additionally, 300 L of blood were collected into EDTA-containing Eppendorf tubes (Radiometer, Roedovre, Denmark) and centrifuged at 2,000 rpm for 10 minutes. The packed red blood cells (RBCs) were stored at -20°C before being transported on dry ice to the Institute for Medical Microbiology and Immunology in Copenhagen, Denmark for genotype examination. Packed RBCs from 172 and 103 children in 1998, 173 and 100 children in 1999, and 170 and 100 children in 2000 from Magoda and Mpapayu villages, respectively, were collected for dhfr/dhps genotyping. For a few samples, the corresponding recordings of temperature or packed cell volume (PCV) were not available and these donors were excluded in the analysis of the in vivo data (less than 10%).
Extraction of DNA and polymerase chain reaction (PCR) genotype analysis. Fifty microliters of packed RBCs were incubated overnight in 250 L of proteinase K solution at 37°C (1 mM EDTA, 15 mM Tris, 150 mM NaCl, 1% sodium dodecyl sulfate, 100 g/mL of proteinase K) (catalog no. 744 723; Roche, Hvidovre, Denmark). The samples were then extracted with phenol/chloroform and precipitated with ethanol as described by Sambrook and others. 23 One microliter of the extracted DNA suspension was added to the PCR mixture. The degree of clonality of infections was estimated by PCR typing of the polymorphic regions of the P. falciparum merozoite surface protein 1 (msp1) and msp2 genes as described by Snounou and others. 24 Only a subset of samples randomly selected was tested. For the dhfr and dhps genotyping, a nested PCR−restriction fragment length polymorphism described by Duraisingh and others 25 was applied. However, the two outer dhfr and dhps PCRs were multiplexed into a single reaction. In addition, a nested dhps PCR targeting codon 540 specifically was designed (codon 540-K/, PCR product of 126 basepairs, same reaction conditions as the other nested dhfr and dhps PCRs 25 ). The codon 540 primer sequence was: 5Ј-GCATAAAAGAGGAAATCCACATACAATGGtT-3Ј. The lower case base is one mismatch engineered into the primer to provide a cleavage site for the restriction enzyme Mse I in detecting the codon 540 wild type (Lys).
Statistical analysis. The chi-square test with Yates' correction or Fisher's exact test was applied to compare the genotypic prevalences. One-way analysis of variance using the Student-Newman-Keuls method or Kruskal-Wallis one-way analysis on ranks was used to detect differences between the years. P values less than 0.05 were considered significant. All calculations were performed using Sigmastat version 2.03 software (Jandel Scientific, San Rafael, CA).
RESULTS
Prevalence and density of P. falciparum infections and PCV. The prevalence of microscopically detectable P. falciparum infections decreased significantly in both villages between 1998 and 1999 (P Յ 0.001) ( Figure 1A ). No differences in prevalence were found when comparing the villages. In Magoda, the mean density of P. falciparum infections was significantly lower in 1999 than in 1998 (P < 0.001) and remained low in 2000 ( Figure 1B ). Furthermore, the mean parasite density was lower in Magoda than in Mpapayu in 1999 and 2000 (P ‫ס‬ 0.03 and P ‫ס‬ 0.21 for Magoda versus Mpapayu in 1999 and 2000, respectively). The mean PCV ( Figure 1C ), a marker of anemia, increased between 1998 and 1999 in both villages, and it continued to increase in Magoda between 1999 and 2000 (P < 0.05). Furthermore, there was a significantly higher mean PCV level in Magoda than in Mpapayu in 2000 (P < 0.05). There was no difference in age, sex ratio, or mean temperature between the years and between the villages.
Mean clone multiplicity in the villages in 1998−2000. The mean number of clones per infection estimated by PCR genotyping on polymorphic regions of msp1 and msp2 is shown in Table 1 . The mean clone multiplicity decreased significantly in Magoda from 1998 to 2000 for msp1, msp2, and the multiplicity of infection (MOI, the minimal number of clones per infection when combining msp1 and msp2 data) (P < 0.05). In Mpapayu, no significant differences were observed between the years (P ‫ס‬ 0.61, P ‫ס‬ 0.29, and P ‫ס‬ 0.45 for msp1, msp2, and MOI, respectively). A comparison between the villages for the three years showed a significantly lower clone multiplicity in Magoda versus Mpapayu in 2000 for msp1 (P ‫ס‬ 0.002) and MOI (P ‫ס‬ 0.011). For msp2, a significantly lower clone multiplicity was found in Magoda versus Mpapayu in 1999 and 2000 (P ‫ס‬ 0.04 for both comparisons). 
. Surprisingly, no evident differences in the prevalences of the three codons were observed for Mpapayu between the three years. Conversely, the prevalence of these wild types was significantly higher in Magoda when compared with Mpapayu in 2000 (P ‫ס‬ 0.002, P Յ 0.001, and P ‫ס‬ 0.002 for comparison of Magoda and Mpapayu in 2000 for codons 51, 59, and 108, respectively).
The prevalence of combinations of dhfr genotypes is shown in Figure 2D . The infections are divided into parasite populations expressing true triple wild types at codons 51, 59, and 108 or true triple mutant types at all three codons. The re- * Average number of clones per infection estimated by polymerase chain reaction (PCR) genotyping on polymorphic regions of merozoite surface protein 1 (msp1) and msp2 with 95% confidence intervals in parentheses. MOI ‫ס‬ multiplicity of infection, the minimal number of clones per infection when combining msp1 and msp2 data. A subset of samples were randomly selected for PCR genotyping: n ‫ס‬ 80, 64, and 60 for Magoda village in 1998, 1999, and 2000, respectively, and n ‫ס‬ 48, 44, and 40 for Mpapayu village in 1998, 1999, and 2000, respectively. Of these, a subset was PCR positive. maining infections are mixed genotypes at one or more codons (not shown in Figure 2 , but included in the following statistical analysis where true triple mutant type infections including mixed infections are compared with true triple wild types). The prevalence of true triple wild types increased significantly in Magoda in 2000 (P Յ 0.001). In Mpapayu, there was no evident difference in the prevalence of true triple wild types. Conversely, the prevalence of true triple mutant type infections increased significantly in 2000 (P Յ 0.001, for true triple wild type infections including mixed infections versus true triple mutant types). Accordingly, a significant higher proportion of true triple wild types was found in Magoda when compared with Mpapayu in 2000 (P Յ 0.001).
Prevalence of dhps genotypes in the villages in 1998− 2000. The genotypic prevalence of codons 436, 437, and 540 in the dhps gene between 1998 and 2000 are shown in Figure 3 . For codon 436 ( Figure 3A ) only Ser-436 or Ala-436 was found and no clear differences were observed from year to year in the two villages or between the two villages within the same year. For codon 437 ( Figure 3B ), a significant increase in the prevalence of mutant type infections in Magoda in 2000 was observed (P Յ 0.001). For codon 540 ( Figure 3C ), there was a significant increase in the prevalence of wild type infections in Magoda and Mpapayu from year to year (P Յ 0.001 and P ‫ס‬ 0.049 for Magoda and Mpapayu, respectively).
DISCUSSION
In Tanzania, increasing levels of chloroquine resistance necessitated changing the first-line antimalarial drug to S/P by year 2001. Unfortunately, in vivo resistance to S/P is already evident in Tanzania 26, 27 and may render this drug combination useless within a few years. Lowering the level of transmission may be a method to indirectly increase S/P susceptibility by lowering drug use and, thus, drug pressure. 18, 28 In December 1998, ITNs were introduced in Magoda village while the nearby village of Mpapayu first received ITNs in the beginning of 2001. From our data shown in Figure 1 , it appears that an effect of ITN on parasite prevalence and density as well as PCV in Magoda was evident in 2000, when a lower prevalence of P. falciparum infections and a lower mean P. falciparum density were found in Magoda versus Mpapayu. Furthermore, the overall PCV level increased between 1998 and 1999 in both villages, but continued to increase only in Magoda in 2000.
The annual rainfall measured in the neighboring village of Masaika varied over the three years and the area received markedly less rain in 1999 (Rwegohora T, unpublished data). This will affect the neighboring villages, similarly lowering the transmission and possibly the main reason for the lower prevalence of P. falciparum infections seen in both villages in 1999, but is hardly the cause of alterations only seen in Magoda in 2000. Furthermore, the clone multiplicity of P. falci- parum infections, measured by the mean number of P. falciparum clones using the polymorphic genes msp1 and msp2 only decreased significantly in Magoda, possibly as a result of decreased transmission intensity due to ITNs.
Apparently, ITNs seemed to have an effect on the composition of P. falciparum dhfr genotype infections in children less than five years of age in Magoda compared with those in Mpapayu. In all the polymorphic codons of dhfr (51, 59, and 108), the prevalence of wild type infections in Magoda increased from 1998 to 2000 and when combined, the prevalence of true dhfr wild type infections (wild type at codons 51, 59, and 108) increased significantly from 1999 to 2000. Furthermore, the prevalence of true triple wild type infections was significantly higher in Magoda compared with Mpapayu in 2000. However, for dhps genotypes, only marginal differences were observed. Interestingly, for the past seven years we have annually measured the prevalence of dhfr and dhps mutations as part of our annual S/P efficacy trials, and the occurrence of true triple wild types in the dhfr gene has constantly been less than 2% 22 (Alifrangis M, unpublished data). The overall alteration seen in the dhfr genotypes are possibly a result of a decrease in P. falciparum clone multiplicity since the overall occurrence of mixed wild/mutant type infections generally decreased significantly from 1998 to 2000, especially in Magoda. This is further confirmed by the clone multiplicity data.
The accumulation of mutations in the dhfr and dhps genes in response to increasing S/P drug pressure has been reported to be stepwise and occurs first in the dhfr gene, where codon 108 is initially mutated, followed by mutations in codon 51 and/or codon 59. 5 Changes in the dhps gene follow, where the mutation in codon 437 precedes the other mutations in this gene. 10 When susceptibility to S/P in vivo is restored, this may proceed in the same manner: wild types in dhfr first appear, followed by changes in dhps, possibly explaining the sudden occurrence of triple dhfr wild type infections, while only minor changes in dhps polymorphisms are seen. Alternatively, since the role of mutations in dhps in conferring resistance to S/P is still debated, other mechanisms of resistance may explain the lack of changes in the dhps gene.
The survival of a drug-resistant mutant in a parasite population is strongly dependent on high drug pressure and a high transmission rate. 29 The intervention with ITNs presumably lowers transmission and thereby reduces the prevalence of infections and thus the number of clinical attacks. Consequently, the use of S/P is reduced, decreasing the S/P drug pressure. 18 In turn, this presumably selects for wild type parasites, and eventually mediates a change in dhfr genotype composition as observed, followed by an increased susceptibility to S/P. Accordingly, Mackinnon and Hastings simulated by mathematical modeling that lowering transmission rate reduced the spread of drug resistance in areas with high clone multiplicity and drug pressure and suggested bed nets as means of control. 19 It could also be speculated that since infections in older children generally are asymptomatic, the survival advantage of mutated dhfr/dhps genotype populations is presumably limited, possibly explaining why age has been found to be inversely related to the prevalence of mutant genotypes. 30 In infants and younger children, however, mutated parasites have an evident survival advantage and may consequently be more prevalent in this age group.
Interventions with ITNs protect mainly infants and young children from becoming infected 31 probably because they are kept under nets from early evening compared with older children. When ITN intervention reduces transmission, mainly the parasite populations otherwise causing malaria in children less than five years old will be affected. The ITNs may thereby remove a greater proportion of these mutant parasite populations from circulating and thereby cause an overall reduction in prevalence of mutant genotypes. If our observations can be reproduced in other holoendemic areas with high levels of S/P resistance, it may have a major public health impact: ITNs may halt and even reverse the development of P. falciparum resistance to S/P.
